1. Time domain summary statistics and frequency domain parameters can be used to measure heart rate variability. More recently, qualitative methods including the Poincarb plot have been used to evaluate heart rate variability. The aim of this study was to validate a novel method of quantitative analysis of the PoincarC plot using conventional statistical techniques. 2. Beat-to-beat heart rate variability was measured over a relatively short period of time (1&20 min) in 12 healthy subjects aged between 20 and 40 years (mean 30 f 7 years) during (i) supine rest, (ii) head-up tilt (sympathetic activation, parasympathetic nervous system activity withdrawal), (iii) intravenous infusion of atropine (parasympathetic nervous system activity withdrawal), and (iv) after overnight administration of low-dose transdermal scopolamine (parasympathetic nervous system augmentation). 3. The 'width' of the PoincarC plot, as quantified by SD delta R-R (the difference between successive R-R intervals), was determined at rest (median 48.9, quartile range 20ms) and found to be significantly reduced during tilt (median 19.1, quartile range 13.7 ms, P< 0.01) and atropine administration (median 7.1, quartile range 5.7ms, P<O.Ol) and increased by scopolamine (median 79.3, quartile range 33 ms, P< 0.01). Furthermore, log variance of delta R-R intervals correlated almost perfectly with log high-frequency (0.15-0.4Hz) power (r= 0.99, 4. These findings strongly suggest that the 'width' of the PoincarC plot is a measure of parasympathetic nervous system activity. The Poincarb plot is therefore a quantitative visual tool which can be applied to the analysis of R-R interval data gathered over relatively short time periods.
INTRODUCTION
Sympathetic-parasympathetic interactions have been well studied and their importance established in a number of cardiovascular diseases. Such situations include patients after myocardial infarction and patients with heart failure [4, 51, in all of which increased sympathetic and decreased parasympathetic nervous system activity is common. Various methods have been used to attempt to quantify these autonomic influences. Recently, there has been considerable interest in the measurement of heart rate variability (HRV) as one such approach and a number of time and frequency domain indices have been used to quantify this [6] .
Another new method of HRV analysis is the PoincarC plot, which is a 'scatterplot' (return map) of current cardiac cycle length (the R-R interval on the ECG) against the preceding R-R interval [7] . The PoincarC plot allows a real time display of interbeat intervals at the time the patient is being monitored and can thus provide a visual measure of parasympathetic nervous system activity. In addition, this method permits immediate recognition of ectopic beats [S, 91 or artefact which may otherwise go unobserved [lo, 111.
We have developed a method of quantifying the Poincart plot which is an extension of a method developed by Malik et al. [l2] who used the width of the main peak of the frequency distribution curve to quantify noisy HRV time series. Our technique of quantifying the pattern of the PoincarC plot uses statistical measures of variance of both R-R and delta R-R histograms. These may provide more robust measures of HRV in the presence of a low level of beat recognition error and recording artefact than more conventional techniques [12) .
In this study we sought to validate this new approach to quantitative assessment of the PoincarC plot by analysis in healthy subjects of the effects of standard perturbations of autonomic function. Moreover, we tried to simplify the assessment of HRV by collecting R-R interval data over a relatively short time . Most recent research has used HRV data acquired over a 24h period during prolonged ambulatory ('Holter') monitoring of the ECG. This approach has attendant logistic problems including non-stationarity of the HRV time series.
METHODS

Subjects
Twelve healthy subjects (seven males and five females) aged between 20 and 40 years (mean 30.2 i -7.2) years were studied. Subjects were included in the study if they were in sinus rhythm, did not smoke, had no known cardiovascular abnormalities and were not taking any medications. All had provided fully informed consent. Ethical approval was granted by the Austin Hospital Committee of Ethics in Human Research.
Study design
Study subjects were instructed to have a light breakfast and not consume alcohol or caffeinated beverages for 12 h before the study. All studies were performed at the same time of day with the subjects breathing spontaneously and remaining undisturbed in a quiet, temperature-controlled room. Although respiratory rate and amplitude are important modulators of HRV [13] we did not control respiration in our subjects because all phases of the study were conducted in the resting state where respiration frequency and amplitude should remain essentially unchanged and within the range of 16-18 breaths per min. An intravenous cannula was inserted into an antecubital vein and subjects then rested for 20 min before commencement of data collection. A total of 1024 data points (R-R intervals) were collected for each study segment and used to generate the PoincarC plot. Accordingly, data epochs varied from approximately 10 to 20min.
The following sequential protocol of autonomic perturbations was performed. At least 20 min was allowed between each phase of the study to permit the return of heart rate to baseline. The study phases were not randomized.
Baseline study. All baseline studies were conducted in subjects in the post-absorptive state after resting for 10min in the supine position in a quiet environment.
Seventy degree head-up tilt. Subjects were tilted to 70" on a motorized table until 1024 data points were collected. This manoeuvre increases sympathetic and decreases parasympathetic nervous system activity [14, 151. Collection of HRV data commenced after 5min of tilt to permit the heart rate to stabilize in the new position.
Atropine infusion. Atropine sulphate, 1.2 mg, was added to 50ml of 5% intravenous dextrose and infused at a rate of 0.12 mg/min for 5 min and then at a rate of 0.024mg/min until completion of this phase of the study. This dose regimen markedly decreases parasympathetic nervous system activity [16] . Data collection began 10 min after commencement of the infusion.
Transdermal scopolamine. A low-dose transdermal scopolamine patch (hyoscine 1.5 mg) was applied overnight to an undamaged hair-free area of skin behind the ear 1 week after the above studies. The patch remained in situ for the duration of this period of the study. Low-dose transdermal scopolamine increases parasympathetic nervous activity ~171.
Data acquisition
R-R intervals were collected using an AMLAB data acquisition workstation (Associative Measurements, Sydney) with a program that triggers on the leading edge of the R-wave of the ECG. The analogue ECG signal was digitized at a sampling rate of 2kHz. The system was calibrated on a digital and analogue pulse generator to an accuracy of + l m s and found to measure R-R intervals to within k l m s . The Poincark plot and tachogram were constructed on line using raw data and examined for artefact and ectopic activity.
Technical aspects of the Poincar6 plot
The PoincarC plot is a 'scatterplot' (or 'return map') of the current R-R interval against the R-R interval immediately preceding it, as illustrated in Fig. 1 .
The Poincark plot can provide a display of overall as well as beat-to-beat variability [ 181. This is because HRV is graphically displayed as a pattern of points which lends itself to visual analysis more readily than summary statistical measures such as the root mean-squared successive difference (r-MSSD).
Histograms of R-R intervals and delta R-R intervals can be quantified by the analysis of variance of the respective data [4] . The SD of the R-R interval histogram relates to the variance of the data of the Poincark plot projected onto the x-axis. The delta R-R interval is the difference between successive R-R intervals. Thus the SD delta R-R can be used to quantify the 'width' of the Poincark plot as it relates to the variance of the distribution of data points around the line of identity. Mathematical details are given in the Appendix.
Filtering technique
Artefact and occasional ectopic beats occur in almost all HRV studies [12] . To reduce the effect of such 'noise', filters can be used to remove selected portions of the R-R interval data. We identified artefact or ectopic beats from the original ECG and related them to the pattern of distribution of points on the Poincark plot [8] as illustrated in Fig l(a) . The outlying points were then replaced with interpolative R-R interval data using a cubic spline algorithm 119, 201 (Software for Science, Engineering and Industry for Microsoft Quickbasic 4.xIPC-QB-006 Version 7; Quinn-Curtiss, Needham, MA, USA.). We then examined the filtered Poincark plot for evidence of distortion of the pattern induced by excessive filtering and for possible persistence of outlying points due to inadequate filtering. 
Power spectral analysis
The time series was created as a function of heartbeats and the resulting interval tachogram is thus a series of R-R intervals plotted as a function of the interval number, as detailed by De Boer et al. [21] . Since the interval tachogram is a function of the interval number rather than time, when used to compute the fast Fourier transformation the result in the abscissa is expressed in cycles per interval rather than Hz. When the total variability is small in comparison with the mean heart rate, only a small error arises and the calculated interval spectrum is considered as a true frequency spectrum. The spectral units must then be divided by the mean R-R interval in order to obtain a result expressed in Hz. After detrending and filtering the raw R-R interval data, an IBM PC 486 with a commercial software package (Software for Science, Engineering and Industry for Microsoft Quickbasic 4.xIPC-QB-006 Version 7; Quinn-Curtiss) was used to compute the fast Fourier transformation. Power spectral measures of R-R variability were then computed by integrating over their frequency intervals. Two main components of the power spectra of HRV were identified: a high-frequency (HF) component (from 0.15 to 0.4Hz) and a low-frequency (LF) component (from 0.01 to 0.15Hz). The total power (from 0.01 to 0.4Hz) was also calculated.
Statistics
Variables with a normal distribution (age, heart rate) are presented as mean+SD and skewed data are expressed as median and quartile range (the value of the 75th percentile minus the value of the 25th percentile) where 50% of the data points fall within this range. We used the non-parametric Friedman repeated-measures analysis of variance on ranks as all HRV variables showed a skewed distribution. Consequently, Pearson's correlation coefficient and the corresponding tests of significance were used to assess the relation between logtransformed frequency and time domain variables. R-R interval histograms were assessed for normality by the Kolmogorov-Smirnov method. A two-tailed P < 0.05 was considered significant.
RESULTS
Results are summarized
HRV in the baseline study
The Poincark plot of in Table 1. all subiects displayed a clustering of data-points as illustiated in Fig. 2(a) , characterized by SDR-R of 55-142ms, median 69.3 (19.4)ms and SD delta R-R of 27-123ms, median 48.9 (20)ms.
HRV during head-up tilt
All subjects displayed a marked reduction in variance of delta R-R intervals compared with baseline, as illustrated in Fig. 2(b) . Heart rate increased significantly during tilting from 60.9 & 9.7 to 80.9f 12.4 beats/min P<O.OOOl). The SDRR decreased by 22% to 54.4 (24.1) ms (P<O.Ol), but the coefficient of variation of R-R intervals remained unchanged compared with baseline values. The SD delta R-R and coefficient of variation of delta R-R intervals between baseline and tilt were reduced by 61% and 51% respectively (P<O.Ol for both).
Considering analyses in the frequency domain, LF, H F and total power decreased by 31%, 82%
and 39% respectively (all P < 0.05). 
HRV during atropine infusion
Heart rate increased significantly in all subjects, from 60.9 & 9.7 to 83.6 f 9.4 beats/min (P < 0.01).
Atropine administration resulted in a 57% reduction in SDRR to 33.6 (8.6)ms and an 87% reduction in SD delta R-R to 7.1 (5.7)ms ( P~0 . 0 1 for both) compared with baseline measurements. These changes were associated with a marked reduction in 'width' of the Poincark plot, as illustrated in Fig.  2(c) . The reductions in coefficient of variation of R-R and delta R-R intervals were also highly significant (P t0.01). Both LF and H F power decreased; LF power from 858 (695) to 142 (150)ms' (P<O.Ol) and H F power from 303 (412) to 5.0 (7.3)ms2 (P<0.05).
HRV during lowdose transdermal scopolamine
The scopolamine patch was well tolerated by all patients, none of whom voluntarily reported adverse side effects such as dry mouth or drowsiness.
The reduction in heart rate from the baseline value of 60.5k9.7 to 56.7k8.3 beats/min was not statistically significant, possibly because of the small sample size. SDR-R increased by 31% (P<O.Ol) and SD delta R-R increased by 62% (P<O.Ol) with transdermal scopolamine. This was reflected by a marked increase in the 'width' of the Poincare plot, as illustrated in Fig. 2 (4. The coefficient of variation of delta R-R intervals increased by 43% (P<O.Ol), indicating that the increase in HRV was not simply due to the reduction in heart rate.
Analysis of the effect of transdermal scopolamine on measures in the frequency domain paralleled effects of the drug on time domain parameters. High-frequency power increased by 126% (P < 0.05), consistent with an increase in parasympathetic nervous system activity.
In summary, the results show that the 'width' of the Poincart plot, as quantified by SD delta R-R, decreases from baseline with tilting and atropine and increases with scopolamine, consistent with changes in parasympathetic activity.
Correlations between time and frequency domain parameters
Using all the HRV data, we found an almost perfect correlation between log H F power and log variance of delta R-R intervals (r=0.99, P<O.OOOl). This is illustrated in Fig. 3 . Log total power was also strongly correlated with both log variance of R-R (r=0.98, P<O.OOOl) and delta R-R intervals (r = 0.95, P < 0.0001). This has been reported previously [22, 231 and is supportive of experimental evidence for the mathematical relationship between time and frequency domain HRV parameters as described by Parseval's theorem. Details appear in the Appendix.
DISC U SSlO N
Time series methodologies applied to the analysis of HRV have mainly been standard time [24] and frequency [25] domain techniques. The potential for use of serial correlation techniques [26, 271 has not been fully explored. The present study strongly suggests that short-term analysis of HRV using the Poincark plot and related histograms provides an accurate method with which to quantify autonomic activity. We have demonstrated that the 'cluster' Poincark pattern can be quantified with conventional statistical methods that correlate closely with time and frequency domain parameters used to quantify parasympathetic nervous system activity in healthy subjects [lS, 16, 281. More complex, nonlinear mathematical methods may be necessary to accurately quantify other pattern types seen in patients with cardiac disease [4, 291.
Bigger et al. [22] have previously shown a strong correlation between H F power and the r-MSSD of normal R-R intervals. Although SD delta R-R is mathematically equivalent to r-MSSD (see Appendix), only the delta R-R interval can be used to construct a histogram which relates to the Poincart plot (all r-MSSD values are positive). Therefore, we have used S D delta R-R as a measure of the 'spread' of the delta R-R interval histogram and have proposed this parameter as a method by which to quantify parasympathetic nervous system activity during these perturbations.
We have also demonstrated a strong correlation between frequency and time domain measures used to quantify HRV. Total power was strongly correlated with SDR-R and SD delta R-R. The total power of spectral energy has been proposed to represent both sympathetic and parasympathetic activity, while H F power is accepted as a measure of pure parasympathetic activity [30]. Therefore, it is suggested that the 'width' of the Poincart plot as quantified by SD delta R-R represents a pure measure of parasympathetic activity.
The use of this method also allows immediate recognition of ectopics or artefact which may go unobserved and corrupt HRV data if conventional analytical methods are used [ 111. We have used the Poincark plot to guide filtering algorithms to completely remove ectopic beats and artefact from the time series data without corrupting the normal sinus rhythm. Poincark plot analysis is an extension of a method developed by Malik et al. [12] who used the width of the main peak of the frequency distribution curve to quantify noise HRV time series. Although the analysis of histograms using the Malik algorithm provides the same statistical result as the Poincart plot technique we have found that the visual information provided by the latter method augments the simple statistical analysis of histograms. Furthermore, other methods for analysis of Poincart plot patterns may demonstrate non-linear relationships [31] between sympathetic and parasympathetic nervous activity [32-341 which would otherwise go unrecognized. Therefore the PoincarC plot provides additional information to complement current methods of HRV analysis and is a useful adjunct, especially in the clinical setting where 'real time' analysis of HRV is of critical importance.
In contrast to most, but not all [35] studies of HRV which have relied on data collected during prolonged ambulatory monitoring of the ECG, our patients rested quietly with data collected over a relatively short time span of 10-20mins. This may account for the finding that our healthy subjects did not display Poincart plot patterns with the characteristic 'comet' and 'stem' shape seen in data from healthy subjects in the study of Woo et al. [7] who employed 24 h ambulatory monitoring. The small 'head' of their 'comet' pattern was probably the result of increased sympathetic and decreased parasympathetic activity leading to an increase in absolute heart rate and associated reduction in HRV.
Significance and potential applications
Analysis of HRV based on short-term analysis of the PoincarC plot provides a sensitive, non-invasive measurement of autonomic input to the heart. Heart rate variability can be measured in both the time and frequency domain, and in the present study, time and frequency domain variables have been shown to correlate very highly. Time domain indices used to quantify the PoincarC plot have been shown to be nearly equivalent to their respective frequency domain variables. The technique described could therefore greatly simplify HRV analysis.
Bigger et al. [35] have demonstrated that power spectral measures of R-R variability calculated from short (2-1 5 min) electrocardiographic recordings are remarkably similar to those calculated over 24 h. If so, short-term HRV analyses based on the Poincark plot should be as predictive of prognosis as 24h measures of HRV. In summary, the present study has demonstrated that the PoincarC plot is a simple, yet powerful adjunct to conventional HRV analytical techniques. It provides complementary information to other standard procedures such as statistical (time domain) measures, the tachogram, histogram and frequency (power spectrum) analysis.
SDAR-R
and r-MSSD are mathematically equivalent if AR-R=0, but only the former is a measure of SD of the AR-R histogram which relates to the 'width' of the Poincare plot. Let A denote the point (R-R,R-R,,,) which they determine on the Poincare plot, as illustrated in Fig.  4 .
Geometrical interpretation of the
Let C(R-R,, R-R,) denote the projection, in the direction of the y-axis, of the point A(R-R,, R-R, + 1) onto the line of identity. Any point above the line of identity is defined as having a negative AR-R interval and any point below as having a positive AR-R value.
Therefore length A C = AR-R,
Geometrical interpretation of the 'width' measure
with respect to AB in Fig. 4 . In particular,
The term 'width' is defined in terms of AR-R(AC)
. where Y k is the discrete Fourier transform of X , and P,(k) is the power spectral density of X w Thus the signal variance and total spectral power are equal to each other.
HF power
For a continuous R-R time series, X N , with fast Fourier transform (Yf) and power spectral density function Px(f), the power spectrum of dX(t)/dt is 4 n z f 2 P , ( f ) . Thus, time domain parameters related to the first derivative or successive differences in the R-R interval time series are correlated with HF spectral power.
